Non-LTE calculations for Mg I in red supergiant stellar atmospheres are presented to investigate the importance of non-LTE for the formation of Mg I lines in the NIR J-band. Recent work using medium resolution spectroscopy of atomic lines in the J-band of individual red supergiant stars has demonstrated that technique is a very promising tool to investigate the chemical composition of the young stellar population in star forming galaxies. As in previous work, where non-LTE effects were studied for iron, titanium and silicon, substantial effects are found resulting in significantly stronger Mg I absorption lines. For the quantitative spectral analysis the non-LTE effects lead to magnesium abundances significantly smaller than in LTE with the non-LTE abundance corrections varying smoothly between −0.4 dex and −0.1 dex for effective temperatures between 3400 K and 4400 K. We discuss the physical reasons of the non-LTE effects and the consequences for extragalactic J-band abundance studies using individual red supergiants in the young massive galactic double cluster h and χ Persei.
Introduction
Over the last years the quantitative spectroscopic analysis of medium resolution (R ∼ 3200) J-band spectra of red supergiant stars (RSGs) has been established as a very promising tool to investigate the chemical evolution of star forming galaxies. RSGs emit most of their enormous luminosities of 10 5 to ∼ 10 6 L ⊙ at infrared wavelengths and can be easily identified as individual sources through their brightness and colors (Humphreys and Davidson, 1979, Patrick et al., submitted) . Their J-band spectra are characterized by strong and isolated atomic lines of iron, titanium, silicon and magnesium, ideal for medium resolution spectroscopy, in particular because the molecular lines of OH, H 2 O, CN, and CO which otherwise dominate the H-and K-band are weak. Detailed recent studies of RSGs in the Milky Way and the Magellanic Clouds (Davies et al., 2013 , 2014 , Gazak et al., 2014b , in the Local Group dwarf galaxy NGC 6822 and in the Sculptor group galaxy NGC 300 at 1.9 Mpc (Gazak 2014c) demonstrate that this new medium resolution J-band technique has an enormous potential and yields stellar metallicities with an accuracy of ∼ 0.10 dex per individual star. With present-day NIR multi-object spectrographs attached to large telescopes such as MOSFIRE/KECK and KMOS/VLT, galaxies up to 10 Mpc can be studied in this way to determine metallicities and metallicity gradients providing an important alternative to the use of blue supergiant stars (see for instance Kudritzki et al., 2012 Kudritzki et al., , 2013 Kudritzki et al., , 2014 or HII regions (see as examples Bresolin et al., 2011 Bresolin et al., , 2012 . In addition, Gazak et al. (2013 Gazak et al. ( , 2014a have shown that the integrated J-band light of young massive super star clusters (SSCs) is dominated by their population of RSGs as soon as they are older than 7 Myr and that the same analysis technique can be applied increasing the potential volume for metallicity determinations in the local universe by a factor of thousand. With the use of future adaptive optics (AO) MOS IR spectrographs at the next generation of extremely large telescopes the J-band method will become even more powerful and will render the possibility to measure stellar metallicities of individual RSGs out to the enormous distance of 70 Mpc (Evans et al., 2011) .
A crucial aspect of the spectroscopic J-band analysis technique is to account for the effects of departures from local thermodynamic equilibrium (LTE) which if neglected at the low densities of RSG atmospheres could introduce significant systematic errors. In two previous papers (Bergemann et al., 2012 and 2013 -hereafter Paper I and II) we have carried out non-LTE (NLTE) line formation calculations for iron, titanium and silicon and investigated the strengths of NLTE effects which were found to be moderate for iron, but substantial for titanium and silicon. In this third paper we extend this work to magnesium which shows two strong absorption line features in the J-band arising from highly excited levels which can provide important information on stellar metallicity and the ratio of α to iron elements. We describe the atomic model and details of the magnesium line formation calculations in Section 2 and present a discussion of the basic NLTE-effects in Section 3. In Section 4 we calculate NLTE abundance corrections. In Section 5 we compare with observations for a few selected RSG objects in Per OB1 and discuss the consequences of including Mg I lines for the J-band technique.
Model atmospheres, line formation calcula-
tions, model atom and spectrum synthesis
Model atmospheres and line formation
The NLTE line formation calculations require an underlying model atmosphere which provides the temperature and density stratification together with the number densities of the most important atomic and molecular species contributing to the continuous and line background opacities which affect the radiation field in the magnesium radiative transitions. As in Paper I and II we use MARCS model atmospheres (Gustafsson et al., 2008) for this purpose and calculate a small grid of models assuming a stellar mass of 15 M ⊙ with five effective temperatures (T eff = 3400, 3800, 4000, 4200, 4400 K), three gravities (log g = 1.0, 0.0, −0.5 (cgs)), three metallicities ([Z] 1 ≡ log Z/Z ⊙ = −0.5, 0.0, +0.5). Two values are adopted for the microturbulence, ξ t = 2 and 5 km/s, respectively. As discussed in Papers I and II, this grid covers the range of atmospheric parameters expected for RSG's and allows us to assess the importance of NLTE effects over this range. In addition, we also compute model atmospheres for the Sun and Arcturus as an additional test of our magnesium model atom.
The NLTE occupation numbers for magnesium are then calculated using the NLTE code DETAIL 1 Hereafter we adopt the notation of [Z] to represent stellar metallicity following our series of papers (Bergemann 2012 (Bergemann , 2013 ; this notation is identical to [Fe/H] , the relative abundance of iron. (Butler & Giddings 1985) . The final J-band spectrum synthesis is carried out with the separate code SIU (Reetz 1999 ) in a slightly modified version as described in Paper I. For all further details we refer the reader to Papers I and II. It is important to use the most up-to-date linelists in our spectroscopic diagnostics methods. In this work, we have thus also implemented the new 12 C 14 N linelist (Brooke et al. 2014 ). However we note that molecular contamination in the J-band is minimal (e.g. Davies et al. 2009 ) and this improvement will not impact our previous results presented in Papers I and II.
Mg model atom and statistical equilibrium calculations
Our atomic model consists of three ionisation stages Mg I, Mg II, and Mg III, represented by 85, 6, and 1 levels respectively. The number of radiative transitions in the 1st and 2nd stages is 422 and 8. This model was first described in Zhao et al. (1998) and Zhao & Gehren (2000) , and updated by Mashonkina (2013) . Electron-impact excitation is computed from the rate coefficients by Mauas et al. (1988) , where available, otherwise Zhao et al. (1998) is used for the remaining transitions. Ionisation by electronic collisions was calculated from the Seaton (1962) formula with a mean Gaunt factor set equal to g = 0.1 for Mg I and to 0.2 for Mg II. For H I impact excitations and charge transfer processes, rate coefficients were taken from the detailed quantum mechanical calculations of Barklem et al. (2012) . The transition probabilities for radiative bound-bound transitions were taken from Opacity project (Butler et al. 1993) . The same source provides photoionisation cross-sections from the lowest Mg I levels; for the remainder, we use the quantum defect formulae of Peach (1967) . Fig. 1 shows the atomic model of neutral magnesium with the observed J-band line transitions highlighted in blue.
Atomic data and spectrum synthesis of Jband magnesium lines
The basic information about the observed magnesium lines in the J-band is given in Table 1 . The four lines belong to multiplets 175, 224, and 225 (multiplet numbers taken from the NIST online database). The line at 11828.185Å forms in the transition between the 3p 1 P • and 4s 1 S levels. The three lines around 12083 A originate in the transitions between 3d 1 D -4 f 1 F • , and 3d 1 D -4 f 3 F • levels. In a typical observed spectrum of a late-type star, the three lines from multiplets 224 and 225 merge and are thus unresolved. Hereafter, we refer to them as a single line at 12083Å. However, in the line formation and spectrum synthesis calculations they are treated correctly as three individual lines (see Fig. 6 ).
Other than for the optical spectral range where we use oscillator strengths from Chang & Tang (1990) and Aldenius et al. (2007) (Kupka et al. 2000) 4 , however, as our test calculations have shown, they hugely over-estimate the line depths in the spectrum of the Sun. The values appear to be wrong, e.g. the log g f value for the semi-forbidden line at 12083.278 A is as large as the value of the allowed counterpart at 12083.662Å. In addition, there is a large differences between the Kurucz' quantum-mechanical values listed in different online tables for the 12083.278 and 12083.346 lines. Given these largely conflicting g f -values we decided to extend our NLTE calculations to the Sun with the well established magnesium abundance of log(Mg/H) + 12 = 7.53 (Asplund et al. 2009 ). We then iterate the log g f values until we obtain a satisfactory fit of the 12083Å Mg triplet line complex. We obtain as best fitting values −1.5 5 for the bluer weak components and 0.05 for the strong red component, respectively. We then carry out Mg NLTE calculations for the red giant star Arcturus using Table 2 . The observed spectra for the Sun and Arcturus were taken from Kurucz et al. (1984) and Hinkle et al. (1995) , respectively. For Arcturus, we adopt a slight α-enhancement, [Mg/Fe]= 0.2, which is also confirmed by the earlier work on abundances by Ramirez & Allende Prieto (2011) . The comparison with observed J-band Mg lines for the Sun and Arcturus is shown in Fig. 2 and indicates reasonable agreement.
Calculating the relatively strong J-band magnesium lines as in Fig. 2 also requires the inclusion of spectral line broadening. We account for broadening caused by various mechanisms: microturbulence (see Table  2 ), macro-turbulence, and broadening due to elastic collisions with H I atoms. We tested the α and σ coefficients from the Barklem et al. (2000) database of quantum-mechanically calculated values, however these data produce spectral lines which are too weak compared with the observed spectra of our reference stars (Sun, Arcturus). We thus scale these values by +0.3 dex. The adopted atomic data are given in Table 1. For macroturbulence we assume the radialtangential profile, and fit this parameter independently of instrumental profile and rotation. For the red supergiants, we fit a total FWHM which consists of instrumental FWHM and macroturbulence, as the broadening effects cannot be separated in the spectra. The values of the FWHM were taken from Gazak et al. (2014b) .
NLTE effects in J-band Mg lines
In general, the NLTE effects which we encounter for our grid of RSG atmospheres are very similar to those found by previous studies of cool FGK stars (see Zhao et al. 1998 , Shimanskaya et al. 2000 , Merle et al. 2011 and references therein). The driving mechanism is normal photospheric photoionisation of neutral magnesium governed by the super-thermal radiation field which escapes the deep photospheres essentially unchanged once its optical depth has dropped below unity. This mechanism works independently of the model atom, of course as long as photoionisation cross-sections are not set to zero. We thus shall not repeat the complete analysis as done in Zhao et al (1998) , but only summarise the most important aspects relevant for the atmospheres of RSGs. For the discussion of NLTE effects, it is convenient to employ the concept of energy level departure coefficients, which are defined as
where n NLTE i and n LTE i are NLTE and LTE atomic level populations [cm −3 ], respectively. Fig. 3 shows the departure coefficients b i for a selection of models from our RSG model grid. The diagrams are somewhat different from the conventional 1D representation of b i as a function of optical depth τ in that on the y-axis we show the level energy, and the colour code indicates the departure coefficient. In this way we obtain a nice overview of the general trend of the NLTE effects as a function of excitation energy. Fig. 4 also shows the conventional representation of the departure coefficients of the upper and lower levels of the J-band transition for the same models as Fig. 3 .
The effects of NLTE are clearly seen in this diagram, in particular for energy levels at 4 -5 eV (3p 1 P • , 4s 3 S, 4s 1 S) with large photo-ionisation crosssections. Ionization by the super-thermal UV radiation field becomes important with proximity to the outer atmospheric boundary, and number densities of energy levels are much lower than the LTE predicts. Conceptually, the behaviour of Mg I atomic number densities bears a strong resemblance with that of Fe I as discussed in detail in Bergemann et al. (2012) and in Paper I.
For the IR J-band transitions, the main additional NLTE effect is through radiation transport in the spectral lines themselves. The lower level of the 12083.660 A line is 3d 1 D at 5.75 eV, and its only connection to the lower-lying levels, 1 P • (4.36 eV) and 3 P • (2.71 eV), is via the forbidden magnetic-dipole transitions at ∼ 4070 − 4080Å ( 3 P • -1 D) and the allowed transition in the near-IR (at 8806Å, 1 P • 1 -1 D 2 ) respectively (see the energy level diagram, Fig. 1 ). The lower level of the line at 11823Å is 3p 1 P • . The level is connected with the ground state through a resonance line at 2852 A ( 1 S -1 P • ), which is optically thick throughout the formation depths of the J-band Mg I lines and does not effectively participate in the NLTE radiation transport. This configuration explains the fact that the both Jband lines have a nearly two-level-atom line source function S i j . Once the lines have become optically thin, downward cascading electrons over-populate the lower levels of the transitions relative to the upper levels, and the source functions become sub-thermal, S i j < B ν (see Fig. 4 ). Therefore the J-band Mg I lines are stronger in NLTE than in LTE, and the NLTE effect further increases with decreasing T eff and log g. This is Beyond this more general discussion of the J-band NLTE effects the formation of the line profiles of the 12083Å super-line are affected by an additional complication. Since the observed feature is a blend of three Mg I components from different multiplets, the result is a highly asymmetric shape, which varies with stellar parameters (see Fig. 5 , bottom four panels). Each of the components suffers from its own NLTE effect. To illustrate this peculiar effect, we provide the profiles of each component computed in LTE and NLTE for the model with T eff = 4400, log g = 0.0, and [Fe/H] = 0.5 in Fig. 6 . The bluest line at 12083.278Å which forms in the 3d 1 D 2 -3 F o 3 transition, is weaker in NLTE than in LTE. With its very small oscillator strength this line forms in the deeper atmospheric layers where the departure coefficient of the upper level is larger than the one of the lower level. The upper levels of the 12083 transitions are very close to the Mg II continuum at 7.64 eV and are sensitive to recombination cascades from Mg II, which causes their overpopulation in deeper atmospheric layers. As a consequence, the NLTE source function is super-thermal, S i j > B ν . The reddest component at 12083.662Å has a much larger oscillator strength and forms much further out in the atmosphere, where the departure coefficient of the upper level is always smaller than the one of lower level as already described above.
NLTE Mg I abundance corrections
Over the whole RSG grid the J-band Mg I absorption lines are stronger in NLTE than in LTE. Quantitatively, this information is summarised in Table 3 which compiles the equivalent widths for two values of microturbulence, 2 and 5 km/s. As a consequence, magnesium abundances obtained from a LTE fit of observed J-band lines are systematically too high. This can be quantitatively assessed by introducing NLTE abundance corrections ∆.
∆ Mg I is the logarithmic correction, which has to be applied to an LTE magnesium abundance determination of a specific line, log A(Mg) LTE , to obtain the correct value corresponding to the use of NLTE line formation. These corrections are obtained at each point of our model grid by matching the NLTE equivalent width through varying the Mg abundance in the LTE calculations. When for the same element abundance the NLTE line equivalent width is larger than the LTE one, it requires a higher LTE abundance to fit the NLTE equivalent width and, thus, the NLTE abundance corrections become negative. Fig. 7 shows the NLTE abundance corrections computed with two values of microturbulence, 2 and 5 km s −1 . The exact values of the NLTE abundance corrections are given in Table  4 . The results for Mg are very similar to those we obtained for the J-band Si lines (Paper II). Fig. 8 also shows the effect of varying Mg abundance ([Z] fixed to the solar value) on the line profiles for the both Mg I J-band lines and Fig. 9 illustrates the impact of microturbulence ξ t . Clearly, the larger ξ t the stronger a spectral line, demonstrating the fundamental degeneracy between small scale turbulent broadening and abundance. The 11828Å line and the strongest component of the 12083Å line usually occupy the flat part of the curve-of-growth and are very sensitive to the microturbulence velocity. In contrast, the two weaker components of the J-band triplet at 12083Å are on the linear part of the curve-of-growth even in very cool atmospheres (T eff = 3400 K).
The NLTE abundance corrections are significant with large negative values between −0.4 to −0.1 dex and are strongest at low metallicity [Z] . We see a clear trend with effective temperature, the effect being significantly stronger for the 12083Å line. Gazak et al. (2014b) investigated high resolution, high S/N J-band spectra of eleven RSGs in the young massive stellar double cluster h and χ Persei (Per OB1) in the solar neighbourhood as a crucial test of the Jband analysis method. While this test nicely confirmed the reliability of the method with an average cluster metallicity [Z] = −0.04 derived from the spectra, the authors excluded the Mg I lines from the analysis (see their Figures 1 and 2 ) because of the obvious apparent NLTE effects for which no NLTE calculations were available at the time of their analysis work. Now with our new calculations at hand, we can use the stellar parameters determined by Gazak et al. and check whether observed and calculated Mg I J-band line profiles agree.
Mg I J-band lines of Per OB1 red supergiants
The comparison of NLTE and LTE fits to Mg I lines for the Per OB-1 spectra of 10 stars is shown in Fig.   10 , 11, 12, 13. The stellar parameters are given in Table 2. A solar value is adopted for the [Mg/Fe] ratio in the calculation. The agreement between the new NLTE calculations and the observations is much better than with the previous atomic data and LTE. This confirms that for future work the Mg I J-band lines can be used as an additional constraint of metallicity. In addition, since the Mg I lines have the highest excitation potential of the lower levels of their transitions compared to the iron, titanium and silicon lines used so far in the J-band technique, they will also be very useful to constrain effective temperature and gravity. This will strengthen the accuracy of the method significantly.
Conclusions
With the new Mg I NLTE calculations presented in this work we are now able to use the full J-band spectrum of atomic lines (iron, titanium, silicon and magnesium) for a detailed analysis of red supergiant stars. This is an important step forward for the IR spectroscopy of bright stars in the Milky Way, e.g. individual RSGs (see for instance Gazak et al. 2014b ), but also extra-galactic stellar populations, such as young and very massive super star clusters for which the J-band spectra are completely dominated by RSGs once they are older than 7 Myr. Gazak et al. (2014a) have demonstrated that the J-band technique applied to SSCs yields reliable metallicities, but the accuracy of them was somewhat compromised by the fact that the Mg I lines could not be used because of the importance of NLTE effects. With the new calculations available it will be possible to significantly improve this work and to fully use the tremendous potential of the J-band method. Observed LTE NLTE Fig. 11 .-Observed J-band Mg I profiles computed in LTE and NLTE for the atmospheric parameters determined by Gazak et al. (2014b) as given in Table 2 . Observed LTE NLTE Fig. 12. -Observed J-band Mg I profiles computed in LTE and NLTE for the atmospheric parameters determined by Gazak et al. (2014b) as given in Table 2 . Observed LTE NLTE Fig. 13 .-Observed J-band Mg I profiles computed in LTE and NLTE for the atmospheric parameters determined by Gazak et al. (2014b) as given in Table 2 .
